This is a Library Circulating Copy which may be borrcwed for two weeks. For a personal retention copy, call Tech. Info. Division, Ext. 6782 disordered overlayers of selenium demonstrates that the diffraction is clearly due to backscattering off the nickel substrate, and also that normal photoelectron diffraction is potentially quite useful in the study of disordered systems. Certain criteria are established which any photoelectron diffraction technique must satisfy to be a viable tool for studying surface structure.
A comparison of c(2x2) sulfur and selenium data and presentation of off-normal data for the selenium system leads to the conclusion that normal photoelectron diffraction satisfies these criteria. Normal photoelectron diffraction was observed for the nickel 3p shell and valence band, showing that both di£fraction *Alsowith the Dept. of Physics, University of Calif., Berkeley.
-ivand multiple scattering processes affect angle-resolved photoemission intensities.
• -1-INTRODUCTION
The possible use of final-state scattering effects in angle-resolved photoemission from adsorbate Orbitals to determine adsorbate-surface structure has been the subject of several recent theoretical investigations.
l ,2 The basic idea is that the photoelectron's de Broglie wavelength would be comparable to interatomic distances, leading to diffraction phenomena.
photoelectron diffraction has recently been observed in several systems, in two experimental modes: normal and azimuthal photoelectron diffraction.
In normal photoelectron diffraction (NPD) ,3,4 energy-analyzed photoelectrons ·from a specific adsorbate 'level are collected in "normal" geometry; i.e., perpendicular to the substrate surface. The. photon energy is swept through a wide range, and an electron intensity-vs-energy curve is thereby generated. Azimuthal photoelectrori diffraction (APD) 5, 6 consists of rotating the sample about its normal and recordinq the intensity of the energy-analyzed aPsorbate core-level photoelectron peak, while holding the photon energy constant. Both NPD and APD have some experimental advantages, but neither has as yet been shown to be a generally useful technique for adsorbate structure determinations, although in an earlier study3 we inferred that this might well be the case for NPD.
In this paper we shall present further evidence which indicates that NPD is in fact of general applicability. In the course of the paper we shall answer several questions that were left open before. In this paper we describe experiments designed to test the extent to which NPD does indeed satisfy both of these requirements.
In Section II we outline the experimental techniques more explicitly than in our previous paper. A more complete des'cription of the analyzer, drive, and detection system will be published in the near future.
A high-purity nickel single crystal with a surface orientation to within 1°, of the (001) face was mounted in the photoemission spectrometer. Previous treatment of the crystal had largely removed the bulk impurities, so that short cycles of argon-ion bombardment and annealing to 700°C were sufficient to produce a clean and ordered surface as determined by in situ LEED/Auger analysis. Selenium and sulfur coverages were prepared by directing an effusive beam of H 2 Se or H 2 S at the crystal, which was heated to 200°C. Exposures roughly equivalent to , 9 those reported by Hagstrom and Becker were required to produce ordered c(2x2) overlayers. Low-resolution energy distribution curves of the appropriate adsorbate core level (Se(3d) or S(2p» were recorded at photon-energy increments of 3 eVe Figure 1 shows part of the photoelectron spectrum of c(2x2) Se/Ni(OOl) at a photon energy hv = 150 eVe The nickel valence band and3p peak ~re clearly visible, as is the Se 3d peak. The surface sensitivity of NPD is exemplified by the fact that this latter -5-peak, which arises from a half.;..monolayer adsorbate coverage, is of comparable .intensity to the bulk-derived nickel peaks. On comparing a series of spectra like that in Fig. 1 , but taken at successive photon energies, dramatic variations in the relative intensities of these three peaks were obvious by visual inspection -a convincing demonstration of photoelectron diffraction.
To obtain peak intensities, a smooth background was subtracted from the electron distribution curves, the peak areas were calculated, and corrections were made for photon flux and analyzer transmission. These corrections are discussed below.
In constant-initial-state (CIS) photoelectron spectroscopy the excitation of a given core level of binding energy EB is In this work and in our previous study we have corrected for photon flux by measuring the photoyield f.rom a gold mesh and assuming that the observed photoyield is proportional to the gold absorption coefficients measured by Hagemanh, et al. ll
The similari ty of the transmission thus determined to that . 12 measured earlier with a standardized Al203 photodiode indicates that this assumption is reasonable and that at most any discrepancies vary slowly with energy. The advantage of using a gold mesh is that photoyield measurements can usually be made simultaneously with the photoemission experiments, although the low beam currents mentioned above precluded doing so in the present work.· Instead, the photoyield measurements were· carried out before the photoemission measurements and appropriate corrections for beam current were made later. A plot of the resulting corrected intensities produces essentially a constantinitial state photoemission spectrum. In all cases background subtraction near 62 eV kinetic energy was complicated by a broad nickel Auger peak at this energy. Hence, data near this kinetic energy should be treated with caution.
III. RESULTS AND DISCUSSION
In this Section we present the results of a series of experiments. Each is discussed in turn, and conclusions are summarized in Section IV.
Proceeding from the spectra presented in. Fig. 1 , it is na tural to inquire whether .the nickel 3p and valence-band peaks Figure 3· shows all of our NPD results on the c(2x2) Se/Ni (001) system obtained to date. The top curve repeats our 3 earlier data, after an error that was made in correcting for the analyzer transmission function in the earlier study has -8-been removed. This gives a significant change in relative peak intensities, but peak positions, which are listed in Table I for all four curv~s,havechanged by at most it must be conservative. We note the rms peak-energy reproducibility of ±1.5 eV in Table I and the rms shift of 50 eV/ft.
in the peak positions calculated by Tong and Li (cited in Ref.
3) between the twofold bridge and fourfold hollow-site peak positions. Division yields ±O.031\: on this basis it is realistic
There is another pleasing common characteristic of the four curves in Fig. 3 . If the diffraction maxima and minima could be eliminated by some sort of averaging process, the remaining curves would have the energy dependence expected tor a nodeless initial state. That is, the intensity would rise above threshold to a broad maximum centered about 100 eV above threshold, then decrease. This observation, which was missed in the earlier study3 because of the errant correction for analyzer transmission, supports the view of photoelectron diffraction as a two-step process. There is first an atomicUke excitation followed by scattering in the final state which introduces intensity oscillations with energy. The photoemitting atom acts like an electron gun, with an "emission current"
given by the atomic cross-section. The observed photoemission intensity can then be taken as a product of an atomic crosssection term and an oscillatory function which describes the final-state scattering. This picture is consistent with recent theoretical preclictions 13 that ini tial states possessing radial nodes exhibit NPD curves with one major sharp peak, the position of which is insensitive to d 1 . The peak is merely an artifact of a Cooper minimum in the atomic cross-section, which sharply attenuates the cross-section a few eV above threshold, and keeps it at a low value for a long range of energy. Although the diffraction oscillations may be present at higher energies .,..10-they will be difficult to observe because the entire elastic peak in the photoemission spectrum is very weak and is obscured by "noise" arising from the inelastic background.
At this point we make an interesting qualitative comparison of the NPD spectrum for the p(2x2)Se/Ni(OOl) system to the pU,b1ished 14 LEED 00 and 01 beams for this system, as well as to the curve calculated by Tong and Li. We commented briefly on this comparison before. All four curves appear in Fig. 4 .
The close correspondence of peak positioI'!s is striking, and it supports the prediction that an NPD spectrum should contain a coherent superposition of LEED beams, with the normal 00 beam being emphasized in the NPD spectrum. Perhaps the most conclusive way to show that NPD does not simply measure the 00 LEED beam is to study a different system in which I?eak energies in the LEED 00 beam are similar to tho'se in the selenium system, but for which peaks in the NPD curve are different. Such a system is c(2x2) sulfur on Ni(lOO). In Fig. 7 we show NPD results for that system arid, for comparison, the second curve in Fig. 3 which shows similar data for the Se c(2x2)/Ni(001). The S(2p) core level was used as an initial state for the sulfur data. At first sight the curves in Fig. 7 appear remarkably similar. However, as the dashed lines in the figure and the tabulation of peak positions in Table II indicate, there are differences between the two cases which are well outside our experimental error and which cannot be removed by simply shifting one curve with respect to the other. The curves' similar appearance is probably attributable to the fact that the S (2p) and Se (3d) radial wave functions are similar; hence the atomic cross-section term discussed earlier will be similar for the two cases. Calculations will be presented in a future paper which will show that the sulfur data can be fitted using a value of 0. 1 = 1.3.$.,15 the same value reported , 7 16 from LEED and other photoemission analyses.
This result is the clearest indication that NPD is sensitive to d 1 .
The final data set which we wish to present (Fig. 8) is that for disordered, low coverages of selenium on Ni(OOl). The top curve in Fig. 8 shows NPD data for a coverage of approximately 0.1 monolayer, while the middle curve is for 0.2 monolayer.
Neither surface gave an ordered LEED pattern, but both show substantial photoelectron diffraction effects. Indeed, the amplitude of oscillation is nearly as large in these two cases as in the bottom curve, which shows the c(2x2) curve for comparison.
The significance of this result should not be under-emphasized. It shows first that the dominant scattering mechanism in NPD is definitely off the substrate and not the overlayer itself; otherwise the effect in the disordered overlayer would not be so large. It also confirms the claim made in our earlier paper that NPD, like EXAFS, can deal quite effectively with disordered overlayer systems which are common in surface studies (especially in the case of stepped crystals) .
This is a significant advantage over LEED, in which 00 beam intensity variations are the only changes useful in making a structure determination on disordered overlayers. A similar experiment using azimuthal photoelectron diffraction is clearly in order, to determine the extent to which APD is· sensitive to the substrate-adsorbate over layer geometry as opposed to the geometry of the overlayer alone.
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IV. CONCLUSIONS
In this paper we have reported the results of a series of experiments designed to test the viability of NPD as a surface structure-sensitive technique. Our principal conclusion is that NPD is indeed structure-sensitive, and is a candidate technique for adsorbate structure determinations. Detailed conclusions are given below. 5. NPD is applicable to disordered adsorbate systems. a) Refers to curves a -d in Fig. 3 . b) All entries are electron kinetic energies referred to the nickel vacuum level.
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